ABSTRACT Despite being fragmented and highly disturbed habitats, urban turfgrass ecosystems harbor a surprising diversity of arthropods. The suitability of turf as arthropod habitat, however, likely depends on the extent and types of pesticides and fertilizers used. For example, moderate levels of weed cover in low-input lawns may provide alternative food resources. We conducted a 2-yr Þeld study to: 1) characterize the ground beetle (Carabidae) species assemblage in turfgrass, and 2) assess the direct and indirect effects of lawn management on carabid communities. Weed cover and beetle activity were compared among four lawn management programs: 1) consumer/garden center, 2) integrated pest management (IPM), 3) natural organic, and 4) no-input control. Nearly 5,000 carabid beetles across 17 species were collected with the predator Cyclotrachelus sodalis LeConte numerically dominating the trap catch (87% and 45% of individuals in 2005 and 2006, respectively). Populations of C. sodalis underwent a distinct peak in activity during the third week of June, whereas omnivorous and granivorous species tended to occur at far lower levels and were less variable over the season. We found no evidence for direct effects of lawn management on carabid species diversity; however, we detected an indirect effect mediated by variation in weed cover. Seed-feeding species were positively correlated with turf weeds early in 2006, whereas strictly predaceous species were not. Thus, turf management programs that lead to changes in plant species composition (i.e., herbicide regimes) may indirectly shape epigeal arthropod communities more strongly than the direct effects of insecticide use.
Global human populations are making a profound shift to metropolitan areas and urban residential landscapes are quickly becoming one of the worldÕs most pervasive ecosystems (McIntyre et al. 2001, Crane and Kinzig 2007) . Turfgrass is a central feature of urban landscapes and thus represents a key habitat-type for preserving biodiversity, particularly in arthropods that inhabit these structurally simple systems (Potter and Braman 1991 , McIntyre et al. 2001 , Raupp et al. 2010 . Residential lawns, however, also are among the most managed urban habitats, creating a potential conßict between urbanization and species conservation (Morris and Bagby 2008) . This hinges on the assumption turf management programs that use inputs of pesticide and fertilizer are negatively correlated with arthropod biodiversity, which may not always be the case (Arnold and Potter 1987 , Braman and Pendley 1993a , Braman et al. 2000 , Carstens et al. 2007 .
Much of the existing work on nontarget effects of lawn management examines the effects of insecticides on biocontrol of turf pests (Kunkel et al. 2001 , Zenger and Gibb 2001 , Peck 2009 , Peck and Olmstead 2010 . For example, imidacloprid reduced nontarget arthropod densities by 54 Ð 62%, and reduced Japanese beetle egg predation by 28 Ð76% (Peck 2009, Peck and Olmstead 2010 ). Similar studies have tested the independent effects of variation in fertilizer rates on predaceous and parasitic arthropods. Carstens et al. (2007) , for instance, found little to no impact of nitrogen application on the seasonal activity of natural enemies in buffalograss, Buchloe dactyloides. Last, herbicide regimes can dramatically affect arthropod communities by altering weed prevalence and thus vegetational diversity. Ecological theory predicts that weeds should beneÞt predators by improving microclimatic conditions, enhancing structural complexity, and providing alternative food resources such as pollen or prey. (i.e., Ôthe enemies hypothesisÕ sensu Root 1973) . Although this concept has been widely tested in agricultural crops (Andow 1991 , Landis et al. 2000 , surprisingly few studies have evaluated its importance in turf systems. Recently, Joseph and Braman (2009) reported that predaceous heteropterans, namely bigeyed bugs (Geocoris sp.), were positively correlated with broadleaf weeds in residential turfgrass.
Because the aforementioned lawn inputs rarely occur in isolation, several studies also have assessed the combination of insecticides, herbicides, and fertilizers (Arnold and Potter 1987 , Potter 1993 , Braman and Pendley 1993b , Braman et al. 2000 , Byrne and Bruns 2004 . Most of these studies compare the abundance of major arthropod groups (e.g., orders or families) in high versus low-input lawns. We attempt to build on this existing group of studies by quantifying the community diversity of ground beetles (Coleoptera: Carabidae) at the species level in a range of lawn management systems. Carabids are an ideal group for this type of analysis for several important reasons. 1) carabids display a diversity of food and microclimatic preferences (Lundgren 2009 , Frank et al. 2011 , and are common in urban landscapes (Pinna et al. 2009 ); 2) as ground-dwelling species, their exposure to lawn inputs is likely to be higher than for other taxa (e.g., foliar-feeding insects) and thus can be used as a bioindicator (Rainio and Niemela 2003, Work et al. 2008) ; and 3) although many studies document carabid diversity in agricultural spaces, the species assemblage of carabids inhabiting turfgrass is poorly documented Pendley 1993b, Rochefort et al. 2006) , with the vast majority of existing studies only identifying individuals to the family-level.
Here, we compare carabid diversity across four commonly used lawn management programs: 1) a high-input, calendar based consumer program; 2) an integrated pest management (IPM program); 3) a natural organic program; and 4) a no-input control. Further, we differentiate direct effects that are mediated by beetle exposure to anthropogenic inputs versus indirect effects that occur via changes in vegetation diversity induced by herbicide and fertilizer regimes.
Materials and Methods
Study Site. This study was conducted during the summers of 2005 and 2006 in an experimental turf and ornamental landscape located in West Lafayette, IN. The turf plots were located within a research farm at the edge of the Purdue University campus, adjacent to the Purdue Nursery complex. The surrounding landscape was composed of crop Þelds, managed turf, pavement, and a remnant tree line along railroad tracks. The study design simulated the urban habitat matrix composed of turf and ornamental landscape plants. Twenty adjacent 6-by 18-m plots (Supp. Fig. S1 ) were established on turfgrass consisting primarily of Kentucky bluegrass Poa pratensis L, perennial ryegrass Lolium perenne L., and tall fescue Schedonorus phoenix (Scop.) Holub. Plots were arranged in a block of two rows of ten plots without space between them. An irrigation line ran between the top and bottom rows of plots. Turfgrass Treatments. We tested four turfgrass pest and fertility management programs (Caceres et al. 2010) : consumer program (CP), integrated pest management program (IPMP), natural organic program (NOP), and no input program (NIP). Turf plots were assigned a treatment in a randomized complete block design with Þve replicates. The CP was characterized by calendar driven applications of fertilizers, insecticides, and herbicides that are available at retail garden centers. The IPMP focused on regular scouting and monitoring in conjunction with the use of fertilizers, pesticides, and herbicides as needed. The NOP used organic certiÞed, biologically-based pesticides and fertilizers applied on a calendar basis similar to the CP. The fourth program was the NIP and served as the no-input control.
All programs, except for the NIP, received Ϸ136 and 160 kg of nitrogen per hectare during 2005 and 2006, respectively. This nitrogen amount was determined based on fertilizer recommendations for the CP (Scotts Marysville, OH) and was incorporated into the IPMP and NOP to keep nitrogen inputs even across treatments. Total nitrogen amounts were split into three or four applications depending on the management program. For the CP, preformulated mixtures of fertilizer and pesticides were used, whereas the IPMP used only ammonium nitrate fertilizer. The NOP used corn gluten meal and Ringer Lawn Restore, a slow release organic fertilizer as organic sources of N-fertility. Synthetic herbicides (Table 1 ). were applied in the CP and IPMP (Caceres et al. 2010) . Insect control products applied in the CP and IPMP included conventional insecticides (Table 1) , whereas the NOP used only entomopathogenic nematodes (Caceres et al. 2010) . All plots were mowed at 7.6 cm by using a FasTrak 4/52 riding mower (Hustler, Hesston, KS). Mowing frequency was determined by the growth of the grass, usually once weekly from May to October. Mowed clippings were left on the turf. Plots were irrigated to avoid turf dormancy and facilitate movement of inputs to the correct target sites in the turf.
Weed Cover Survey. Weed cover (percentage of plants other than Kentucky bluegrass, perennial ryegrass, or tall fescue) was estimated along a 22-ft diagonal transect across each plot (Caceres et al. 2010) . Forty points equally spaced were surveyed along each transect, and the individual plant beneath each point was identiÞed to species on two dates in 2005 (28 July and 5 October) and on three dates in 2006 (29 April, 5 July, and 6 October). Data were converted to percent weed cover estimates per plot by dividing the total number of weeds identiÞed in the plot by 40 (the number of weed survey points), multiplying by 100 to give percent cover per species, and summing percentage totals for each of the turf weed species.
Arthropod Collection. Beetles were collected in semipermanent linear pitfall traps constructed out of PVC pipe (91.4 cm by 5.1 cm L ϫ D) with an 81.3-cm longitudinal groove running across the top. A single trap was placed in the center of each turf plot, halfway between the two mulched landscape plots with the trap entrance lying just above the soil surface to allow access to beetles and other arthropods. Pitfall traps were slanted toward a 2-liter plastic soda bottle containing ethylene glycol (antifreeze) to kill and preserve the trapped insects. In 2005 the traps were placed on 16 June; 22, 30, and 19 July; 4 August; and 2 September. In 2006 the traps were set on 25 May, 23 June, 7 July, and 4 August. Thus, we trapped over a 4 mo time interval each summer, but the 2006 samples began 3 wk sooner to capture early-season carabid activity that was missed in 2005 (see Results below). Each trapping interval lasted for 1 wk. Traps were open continuously all summer, but species-level information was available only for the dates included in this study. Family-level activity-density data are presented in a separate manuscript.
Arthropod Identification. Within 7 d of collection, the trap catch was removed and placed into sample vials containing 70% ethanol for storage at room temperature. Vial contents were sorted under a dissecting microscope and carabid adults were removed, pinned for curation, and species were identiÞed using morphological characters according to the keys developed by Dillon and Dillon (1972) , Downie and Arnett (1996) , and Arnett and Thomas (2001) . IdentiÞcations were veriÞed against specimens in the Purdue Entomology Research Collection (PERC), using the nomenclature of Bousquet and Larochelle (1993) . Voucher specimens then were deposited in the PERC collection. Once identiÞed to species, beetles were classiÞed as either strictly predaceous (prey-feeding), granivorous (seed-feeding), or omnivorous (preyand seed-feeding), based on previously published records of feeding behavior (see Table 9 .1 in Lundgren 2009).
Statistical Analysis. Activity densities (carabid pitfall trap counts) were log(x ϩ 1) transformed to correct for heteroscedasticity. Data from the 2 yr of the experiment were analyzed separately because of differences in the number of specimens collected and the number of sampling periods. To evaluate the effect of the different lawn management programs on the community diversity of carabid beetles, we conduct a repeated measures analysis of variance (ANOVA) with species richness (i.e., number of species caught per pitfall trap) and ShannonÕs diversity index as the two response variables (PROC GLM, SAS Institute 2010). ShannonÕs index includes species richness but accounts for variation in evenness across species (Morin 1999) .
Differences in weed cover among the different management programs also were analyzed using repeated measures ANOVA. Weed data (percent cover) were converted to proportions and arcsine squareroot transformed before the analysis. The relationship between percent weed cover and carabid activitydensity across plots was tested using analysis of covariance (ANCOVA) with feeding guild (predaceous versus granivorous and omnivorous) as a categorical variable and percent weed cover as a continuous variable. This allowed us to assess whether prey-feeding carabids differ from seed-feeding species in their response to weeds. The analysis was conducted using three sampling dates: 26 July 2005, 2 June 2006, and 30 June 2006. These dates were chosen because they corresponded most closely with our weed sampling dates and capture periods when carabids were active in the Þeld. 
Results

Carabid Community Composition and Phenology.
In 2005, we trapped 2,731 carabids in turf plots with the dominant predator Cyclotrachelus sodalis making up 87% of the catch (Table 2) . Although we identiÞed 13 total species in this sampling year, most of the remaining species were extremely rare (Fig. 1A) . For example, the activity-density of the second most abundant species, Anisodactylus rusticus (Say), was only 5% that of C. sodalis. In 2006, fewer total carabids were caught (1,907), although this in part reßects fewer sampling dates. Again, C. sodalis was the dominant species in the community comprising 45% of the catch, but several omnivorous and granivorous genera (Anisodactylus sp., Amara sp., and Harpalus sp.) also were relatively abundant, comprising an additional 45% of the community (Fig. 1B) .
The peak activity period for C. sodalis occurred in mid to late June in both years of the experiment (Fig.  1) , which implies that this species peaks between the second and fourth weeks of June in Indiana (Wiedenmann et al. 2004 ). Although C. sodalis clearly drove the temporal dynamics of predaceous carabids in our system (only one other strictly predaceous species occurred, Scarites subterraneus F,, and it was extremely rare throughout the study), the temporal dynamics of omnivorous and granivorous guilds were driven by a combination of several moderately abundant species. However, counts of omnivores and granivores were low in 2005 and 2006 , and their population ßuctuations were inconsistent (Fig. 2) .
Effects of Turf Inputs on Carabid Activity-Density and Diversity. Turf treatment had a signiÞcant effect on carabid activity-density in 2006, (F 33,176 ϭ 1.85, P ϭ 0.006). During two sampling periods beginning on 28 July and 22 September 2006, mean trap counts were signiÞcantly higher (Ϸ67% and 78%, respectively) in the no-input control than in the CP and IPMP treatments (P Ͻ 0.05). In 2005, annual mean trap counts were marginally signiÞcantly higher (Ϸ30%) in the no-input control treatment compared with other treatments (F 3,16 ϭ 2.80, P ϭ 0.073) (Caceres 2007 ). These data are described in full detail in a separate manuscript. Despite the differences in activity-densities between treatments, we did not detect any shifts Species were assigned to feeding guilds based on in carabid species diversity with increasing inputs of pesticides and fertilizer (Fig. 3) . Both measures of community diversity were unaffected by our experimental treatments in each year of the study, including species richness ( Relationship Between Weeds and Carabids. The most common weeds surveyed were crabgrass (Digitaria sp.), white clover (Trifolium repens L.), and dandelion (Taraxacum officinale F. H. Wigg). The noinput control had the highest overall weed cover across both years, although the magnitude of this difference across treatments was far more substantial in 2006 ( Fig. 4; 2005: treatment Ϫ F 3,39 ϭ 14.30, P Ͻ 0.001, treatment ϫ date Ϫ F 3,39 ϭ 5.25, P ϭ 0.005; 2006: treatment Ϫ F 3,59 ϭ 51.99, P Ͻ 0.001, treatment ϫ date Ϫ F 6,59 ϭ 3.24, P ϭ 0.009).
Carabid activity-density was not correlated with turf weeds for any of the three sampling dates on which they were evaluated (Table 3) . Early in the season in 2006, however, we detected a marginally signiÞcant interaction between weed cover and carabid feeding guild (P ϭ 0.067) whereby seed-feeding species were positively associated with weeds and strictly predaceous species were not (Fig. 5) . Notably, this period also corresponded with peak activity for granivorous and omnivorous beetles in our system (see Figs. 2D and 2 F) .
Discussion
The species assemblage of carabid beetles inhabiting turf and their seasonal phenologies are sparsely described Pendley 1993b, Rochefort et al. 2006) , despite the important role of this group as consumers of arthropod prey and weed seeds (Lundgren 2009 , Frank et al. 2011 . We characterized the carabid community in turfgrass in Indiana over two seasons, Þnding strong evidence that C. sodalis is the dominant species; however, their level of dominance varied across years. In 2005, C. sodalis peaked at Ϸ70 beetles per trap and all other carabids occurred at lower activity levels, whereas in 2006 C. sodalis was less active (Ϸ35 beetles per trap) and the activitydensities for many of the omnivorous and granivorous taxa increased substantially. The seed-predator, Amara cupreolata, for example, increased from a seasonal average of 0. Along with other members of the genus, C. sodalis has been identiÞed as a dominant species in disturbed agro-ecosystems and other ruderal habitats in the mid- western United States, and previously has been associated with areas of low diversity (Barney and Pass 1986 , Tonhasca 1993 , Clark et al. 1997 , Ellsbury et al. 1998 , Snyder and Wise 2001 , Wiedenmann et al. 2004 . It is tempting then to speculate that C. sodalis outcompetes other species when abundant and further, that when populations of C. sodalis crash, diversity consequently increases via competitive release. Although the importance of competition in shaping carabid assemblages remains controversial (Lovei and Sunderland 1996) , evidence is mounting for the role of intraguild predation as a ubiquitous interaction among carabids (Currie et al. 1996 , Dinter 1998 , Snyder and Ives 2001 , Prasad and Snyder 2004 , Frank et al. 2010 ). This would help to explain how a strict predator like C. sodalis could affect the abundance of granivorous species whose dietary overlap is likely to be minimal (i.e., interference rather than exploitative, resourcebased competition). Unfortunately, little is known about the speciÞc feeding habits of C. sodalis in nature, including its potential role as an intraguild predator of other carabids (Allen 1975 , Peterson et al. 2009 ).
Although overall diversity levels varied across years, we found no evidence in either year that turf inputs directly affected richness or evenness of the beetle assemblage. To our knowledge, this has not been tested in turf, but Ellsbury et al. (1998) reported lower carabid diversity in high-input Þeld crops with reduced weed cover. Pavuk et al. (1997) also tested for differences in corn plots varying in infestation levels of grassy and broadleaf weeds, Þnding no effect of either weed group on carabid species richness. The fact that carabid communities were relatively buffered against increasing turf inputs in our experiment sug- Relationship between weed cover and activitydensity for strictly predaceous (i.e., feeding on arthropod prey) and seed-feeding (i.e., omnivorous ϩ granivorous) carabids caught in pitfall traps in June 2006. gests that the insecticides used (imidacloprid and bifenthrin) do not induce broad-scale changes in the composition of this group of beneÞcial insects. It is possible that insecticides suppress certain species that use refuge areas during disturbance events and recolonize treated areas shortly afterwards (Lee et al. 2001, Frank and Shrewsbury 2004) . This possibility seems plausible given that many carabids are adapted to early-succession, disturbed habitats (Tonhasca 1993, Lovei and Sunderland 1996) . Moreover, the presence of untreated landscape ornamental plantings nested within our turf plots may have provided such temporary refuge from insecticide applications or reduced cumulative exposure in the CP, IPMP, and NOP treatments. The unmanaged habitat in the landscape surrounding the study area also may have served as refuge for recolonizers, tempering the effects of our turf treatments. Frank and Shrewsbury (2004) found enhanced activity densities of predators in turf up to 12 m from an untreated refuge space. Conversely, carabid communities recently have been found to differ signiÞ-cantly between crop and noncrop environments (Gaines and Gratton 2010) , but disturbance frequency and intensity are extremely different between a turf and crop environment. Effects of the surrounding landscape on predator diversity in turf ecosystems have not been evaluated here, and remain a critical gap in this knowledge base.
Despite Þnding no evidence of direct effects of turf inputs on carabid diversity, we found some evidence for indirect effects mediated by weed cover. Early in 2006 there was an interaction between weeds and carabid feeding guild such that seed-feeding taxa were positively related to weed presence, but predaceous taxa (primarily C. sodalis) were not. Notably, this interaction occurred when most of the omnivorous species in our study area were at their peak activity and it was the only date in the experiment where C. sodalis made up Ͻ25% of the total population. Thus, utilization of local plant diversity by omnivorous natural enemies may be constrained if a proliÞc arthropod predator is present. Our results further imply that weeds may be more critical for natural enemies as an alternative food (seed) resource than they are in improving microclimatic conditions or enhancing structural complexity of the habitat.
The prevalent weeds in our speciÞc system all have been tested for palatability with weed seed predators in choice and no-choice feeding trials. Taraxacum officinale was readily consumed by Amara spp. (Honek et al. 2005) , Trifolium repens is highly preferred by species in the tribe Harpalini (Zhang et al. 1997) , and Digitaria sanguinalis also is readily consumed by multiple genera of carabid seed predators (Barney and Pass 1986, White et al. 2007) . Our data are consistent with recent work in agricultural systems, where omnivorous but not carnivorous carabids have been found to aggregate in areas with seed resource augmentation (Frank et al. 2011 ). Joseph and Braman (2009) also documented a positive relationship between turf weeds and natural enemies (Geocoris sp.), but surprisingly there are few other direct tests of the Ôenemies hypothesisÕ in turf systems. In a simple turf ecosystem, tolerance of weeds by homeowners may affect insect community dynamics, and we consider this to be an important yet understudied system for future investigations into the ecological consequences of plant diversity.
